In Xenopus laevis intestine during metamorphosis, the larval epithelial cells are removed by apoptosis, and the adult epithelial stem (AE) cells appear concomitantly. They proliferate and differentiate to form the adult epithelium (Ep). Thyroid hormone (TH) is well established to trigger this remodeling by regulating the expression of various genes including Notch receptor. To study the role of Notch signaling, we have analyzed the expression of its components, including the ligands (DLL and Jag), receptor (Notch), and targets (Hairy), in the metamorphosing intestine by real-time reverse transcription-polymerase chain reaction and in situ hybridization or immunohistochemistry. We show that they are up-regulated during both natural and TH-induced metamorphosis in a tissue-specific manner. Particularly, Hairy1 is specifically expressed in the AE cells. Moreover, upregulation of Hairy1 and Hairy2b by TH was prevented by treating tadpoles with a c-secretase inhibitor (GSI), which inhibits Notch signaling. More importantly, TH-induced up-regulation of LGR5, an adult intestinal stem cell marker, was suppressed by GSI treatment. Our results suggest that Notch signaling plays a role in stem cell development by regulating the expression of Hairy genes during intestinal remodeling. Furthermore, we show with organ culture experiments that prolonged exposure of tadpole intestine to TH plus GSI leads to hyperplasia of secretory cells and reduction of absorptive cells. Our findings here thus provide evidence for evolutionarily conserved role of Notch signaling in intestinal cell fate determination but more importantly reveal, for the first time, an important role of Notch pathway in the formation of adult intestinal stem cells during vertebrate development. STEM CELLS 2017;35:1028-1039 
INTRODUCTION
During metamorphosis of the anuran amphibians, the intestine is extensively remodeled to adapt from herbivorous to carnivorous life [1] . In the Xenopus laevis intestine, the larval epithelial cells are removed by apoptosis, and replaced by the adult epithelium (Ep) analogous to the mammalian one [2, 3] . This process, which is totally dependent on thyroid hormone (TH), involves the de novo development of the AE cells that originate from the larval Ep through dedifferentiation [4] . Amphibian metamorphosis resembles mammalian postembryonic development, because in both cases, TH levels peak as organ remodeling/maturation including the development of organ-specific adult stem cells takes place [1, [5] [6] [7] . Whereas it is difficult to manipulate uterus-enclosed mammalian embryos, tadpoles are easily manipulated and are independent of any maternal influence. The intestinal remodeling can be reproduced by adding TH to the rearing water of premetamorphic tadpoles in vivo or to the medium of tadpole intestinal organ cultures in vitro [8] . These advantages, together with the similarities to mammalian postembryonic intestinal maturation, make intestinal metamorphosis an excellent model to study the mechanisms of TH-dependent adult stem cell development.
TH binds to its receptors (TRs), which form heterodimers with 9-cis retinoid acid receptors (RXRs). In the presence of the ligand, the TR/RXR complexes bound to the TH response elements (TREs) to activate the expression of direct TH response genes [9] [10] [11] [12] [13] [14] . The products of these direct targets in turn affect the expression of downstream genes. Thus, to clarify the molecular basis of larval-to-adult intestinal remodeling, it is important to study the TH target genes regardless of the mechanisms of their response to TH. To this end, a number of TH response genes have been identified by several approaches [15] [16] [17] . Among them, Notch1, a member of Notch family of transmembrane receptors for Delta-like (DLL) and Jagged/Serrate (Jag) ligands, has been found to be up-regulated in the metamorphosing intestine [15] .
The Notch signaling pathway is activated through a ligandreceptor interaction between adjacent cells. This interaction induces proteolytic cleavage of Notch receptor by the ADAM family and g-secretase complex to produce the Notch intracellular domain (NICD) [18] . NICD subsequently translocates into the nucleus and forms a transcriptional activator complex with CSL/RBP-J. This complex then activates the expression of downstream target genes such as hairy and enhancer of split (Hes) family of genes [18] [19] [20] [21] . Hes1, perhaps the best-studied Notch downstream target, is a bHLH-O transcription factor and shown to repress the expression of target genes including Atoh1 (Math1) and Ngn3 [22] [23] [24] .
Through molecular mechanisms described above, the Notch signaling pathway is considered to play multiple roles in animal development and homeostasis in adult organs/ tissues, including neural differentiation, vascular morphogenesis, somitogenesis, hematopoiesis, and so on. [25] [26] [27] [28] . In particular, in the intestinal Ep of adult mammals, Notch signaling controls a binary cell fate determination between absorptive and secretory cells, which originate from common stem cells located in the intestinal crypt [22, 23, 29] . Inhibition of Notch signaling in the intestinal Ep by using conditional gene targeting of RBP-J or with pharmacologic g-secretase inhibitors (GSI), which block the release of NICD, results in the loss of the proliferative crypt compartment and conversion of progenitor cells into postmitotic goblet cells through Hes1 repression [23, 30] . Thus, the precise control of Notch signaling is important for the cell fate determination and maintenance of the stem cells in the adult intestine [31] . However, the role of Notch signaling in the development of the adult stem cells in vertebrates remains largely unknown.
In the present study, we focused mainly on X. laevis Hairy1 (Hes1 ortholog) and Hairy2b (Hes4 ortholog), two target genes of Notch signaling, and analyzed their spatiotemporal expression by real-time reverse transcription-polymerase chain reaction (RT-PCR) and in situ hybridization (ISH). We also performed the expression analysis of other components of this signaling pathway, namely, the ligands (DLL1, DLL3, Jag1, Jag2) and receptor (Notch1). We show that all genes analyzed are up-regulated during both natural and TH-induced metamorphosis in a cell/ tissue specific manner. Particularly, Hairy1 is specifically expressed in the AE/progenitor cells, whereas Hairy2b is expressed in the connective tissue (CT). In addition, TH-induced up-regulation of these Hairy genes was drastically suppressed by GSI treatment. Our results suggest that during intestinal remodeling, Notch signaling is activated to control the expression of its target genes in a tissue-specific manner. More importantly, TH-induced up-regulation of leucine-rich repeat-containing G protein-coupled receptor 5 (LGR5), an intestinal stem cell marker gene [32, 33] , was significantly inhibited by GSI treatment. These findings for the first time reveal an important role of Notch singling in the formation of organ-specific adult stem cells and/or their proliferation during vertebrate development. In addition, hyperplasia of Periodic acid-Schiff (PAS)-positive secretory cells was also observed in the cultured larval intestine treated with both TH and GSI, indicating the evolutionarily conserved role of Notch signaling in intestinal cell fate determination.
MATERIALS AND METHODS

Animal and Treatment
X. laevis tadpoles and frogs were obtained and maintained as previously described [34] . The developmental stages were determined according to Nieuwkoop and Faber [35] . Premetamorphic tadpoles at stage 54 were treated with 10 nM 3,5,3'-triiodothyronine (T3) for 1-5 days.
Dibenzazepine (DBZ), a well-known g-secretase inhibitor (GSI) [29] , was purchased from Selleck Chemicals (Houston, TX). Premetamorphic tadpoles at stage 54 were pretreated with dimethyl sulfoxide (DMSO, vehicle) or 5 lM DBZ for 3 days. Then, the tadpoles were further treated with 10 nM T3 in the presence of DMSO or 5 lM DBZ for 3 or 5 days. The rearing water was changed everyday during these treatments.
At least four tadpoles were analyzed for each stage or day of treatment. Animal rearing and treatment were done according to the guidelines set by Nippon Medical School animal use and care committee.
Real-Time Reverse Transcription-Polymerase Chain Reaction
Total RNA from the small intestine was extracted by using TRI Reagent (Molecular Research Center, Cincinnati, OH) followed by DNase treatment with DNA-free (Ambion, Austin, TX) to remove any DNA contamination. The integrity of RNA was checked based on 18S and 28S ribosomal RNAs by electrophoresis. Total RNA was mixed with GoTaq 1-Step RT-qPCR System (Promega, Madison, WI), and then quantitative real-time RT-PCR was performed by using PikoReal 96 Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA) according to the manufacture's instructions. The primer pairs used are: 5'-CCAGCGGACACTCTTCTTTC-3' and 5'-AGCGCAATAGGTCCACAAAC-3' for Hairy1 (GenBank: NM_001087927), 5'-AGTCTCCAGTGCAGGGA CTC-3', and 5'-TCCCATAGAACGGAACCAAC-3' for Hairy2b (GenBank: NM_001088692), 5'-CGGCCATTTTTCCTGTGGTG-3' and 5'-ATGCAG GCATCCTGGGTAAC-3' for Delta-like 1 (DLL1 or X-delta1, GenBank: BC070634), 5'-TTGGGTATGGGGGCAAAGAC-3' and 5'-TTCCCATAAA ACCCGTGGGG-3' for DLL3 (Delta-like protein C or X-delta2, GenBank: NM_001086082), 5'-GCATGCTCAAATCGCCTGAG-3' and 5'-GAGGGCTCTCCTTGGGAAAC-3' for Jagged1 (Jag1, GenBank: NM_001090307), 5'-TGCCCTCGCGGTTTCGTTGG-3', and 5'-TCTGGC AAGGGTTGGGCTCAC-3' for Jagged2 (Jag2, there is no accession number in GenBank. Gene locus: X. laevis chromosome 8S, nucleotide 9247347-9334515) [36] , 5'-GCCTTGGGACCTTTATCCTC-3' and 5'-TGAGTGCATCGAAGACCTTG-3' for Notch1 (GenBank: NM_001087605), 5'-TGGGCTTGTCTAGCGGTGTGC-3' and 5'-CCAC TTTCCCACCAGGCACCG-3' for leucine-rich repeat containing G protein-coupled receptor (LGR) 5 (GenBank: NM_001199223), 5'-GCCTAGCCAACAGCTCTCTCCAC-3' and 5'-ACCTTCAGATTGTCATGT GCCCC-3' for intestinal fatty acid-binding protein (IFABP; GenBank: NM_001085877), 5'-GCCGTGGTGCTCCTCTTGCC-3' and 5'-TGCCACAGTACACAAACTGTCCG-3' for ribosomal protein L8 (rpL8; GenBank: NM_001086996). The level of specific mRNA was normalized against the level of rpL8 mRNA [37] for each sample. Samples were analyzed in duplicate for at least three times. The specificity of the amplification was confirmed by the dissociation curve analysis and gel electrophoresis. The results were analyzed by Student's t-test or ANOVA followed by Scheffe's post hoc test.
In Situ Hybridization X. laevis Hairy1 and Hairy2b full-length cDNA clones in pCMVSPORT6 (IMAGE:4030543 and 4032838, respectively) were purchased from Open Biosystems (Huntsville, AL). These plasmids were used to synthesize the full-length probes. The constructs to synthesize the probes for IFABP and LGR5 have been described previously [33, 38] .
All plasmids were linearized to synthesize sense and antisense probes with T3, T7, or SP6 RNA polymerase by using digoxigenin (DIG) RNA Labeling Mix (Roche Applied Science, Indianapolis, IN). Full-length probes were digested by alkaline treatment (40 mM NaHCO 3 , 60 mM Na 2 CO 3 ) into ca 200 base-long.
Intestinal fragments were isolated from the anterior part of the small intestine just after the bile duct junction and were fixed in MEMFA followed by cryosectioning at 7 lm. ISH was performed by using sense or antisense probes of Hairy1, Hairy2b, IFABP, and LGR5 as previously described [39, 40] . Photographs were taken by using a digital CCD color camera (DP70, Olympus, Tokyo, Japan) attached to an optical microscope (BX51, Olympus).
Organ Culture
The intestinal fragments were isolated from the anterior part of the small intestine of X. laevis tadpoles at stage 56/57, and cultured as previously described [40] . Briefly, the intestinal fragments were opened lengthwise and cut into small pieces (3-4 mm long). They were cultured on Transwell culture insert (Corning, Lowell, MA) set in a 6-well plate filled with the culture medium [41] without T3 in the presence of DMSO (control) or 10 lM DBZ at 268C for 3 days (precultivation). After precultivation, the intestinal fragments were cultured with 20 nM T3 in the presence of DMSO or 10 lM DBZ for 5 or 7 days. They were then used for either ISH or immunohistochemistry (IHC).
Immunohistochemistry
The intestinal fragments were fixed in 95% ethanol on ice, embedded in paraffin and sectioned at 5 lm. Sections were incubated with the mouse anti-proliferating cell nuclear antigen (PCNA) antibody (1:100; Novocastra Laboratories, Newcastle, UK) or the rabbit anti-intestinal fatty acid-binding protein (IFABP) antibody to identify absorptive cells (1:500; [42] ). They were then incubated with peroxidase-labeled streptavidin (Nichirei Biosciences, Tokyo, Japan) followed by 0.02% 3, 3'-diamino-benzidine-4HCl (DAB) and 0.006% H 2 O 2 . To identify the mucus-secreting goblet cells, some other sections were subjected to PAS staining followed by counter-staining with hematoxylin. Photographs were taken as mentioned above. The percentage of PCNA-positive cells was calculated and the results were analyzed by Student's t-test [43, 44] .
The sections of the intestine from stage-62 tadpoles were double-immunostained with a mixture of the mouse antihuman cytokeratin 19 (CK19) (1:100; Novocastra), which is a predominant cytokeratin in the adult Ep including the stem cells [45] , and the rabbit anti-human DLL1 (1:100; Abcam, Tokyo, Japan), the rabbit anti-human Jag1 (1:50; Santa Cruz Biotechnology, Dallas, TX), or the rabbit anti-human Notch1 (1:500; Rockland Inc., Gilbertsville, PA). They were then incubated with a mixture of Alexa Fluor 568-conjugated antimouse IgG (1:500; Molecular Probes, Eugene, OR) and 488-conjugated anti-rabbit IgG antibodies (1:500; Molecular Probes), counterstained with 4 0 , 6-diamidino-2-phenylindole, dihydrochloride (DAPI) (10 lg/ml; Dojindo, Kumamoto, Japan) and analyzed by fluorescence microscopy. The immunogen sequences used to raise anti-DLL1, anti-Jag1 and anti-Notch1 antibodies were nearly identical (88%, 100%, and 86%, respectively) to the X. laevis counterparts (manufactures' information).
RESULTS
Up-Regulation of the Genes Involved in Notch Signaling in the Intestine During Natural and TH-Induced Metamorphosis
To study the temporal gene regulation of Hairy1 and Hairy2b, two target genes of Notch signaling, during intestinal remodeling, we first carried out real-time RT-PCR using total RNA extracted from the small intestine at various metamorphic stages ( Fig. 1 ). Hairy1 mRNA was expressed at low levels from stage 54 (premetamorphosis) to stage 61 (early metamorphic climax) but significantly up-regulated at stage 62, when the adult epithelial cells are actively proliferating [46] . Thereafter, its expression decreased toward stage 66 (the end of metamorphosis) (Fig. 1A) . Similar results were obtained for Hairy2b mRNA (Fig. 1C) . In addition, we examined the temporal expression of Notch ligands and receptor. Similar to the expression profiles of Hairy genes, DLL1 (Fig. 1E), DLL3 (Fig.  1G) , Jag1 (Fig. 1I) , Jag2 (Fig. 1K) , and Notch1 (Fig. 1M ) mRNAs were significantly up-regulated at metamorphic climax and down-regulated toward the end of metamorphosis.
As TH can induce precocious intestinal remodeling, if the Notch signaling is involved in this process, the expression profiles of genes analyzed above should be reproduced during TH-induced metamorphosis. Thus, we analyzed their expression in the intestine of premetamorphic tadpoles at stage 54 treated with 10 nM T3 for 1 to 5 days. The expression of Hairy1 mRNA (Fig. 1B) was significantly up-regulated after 1 day of T3 treatment. Thereafter, Hairy1 expression reached the highest level after 4 days. Similarly, Hairy2b expression ( Fig. 1D ) was significantly up-regulated and reached the highest level after 4 days. Their expression remained the peak levels after 5 days. DLL1 (Fig. 1F), DLL3 (Fig. 1H) , Jag1 (Fig. 1J) , Jag2 (Fig. 1L) , and Notch1 (Fig. 1N ) also showed similar expression profiles to those of Hairy genes. These results suggest that Notch signaling is activated in the intestine during TH-dependent metamorphosis. We next examined by ISH the spatiotemporal expression of Hairy genes in the small intestine during natural and THinduced metamorphosis (Fig. 2) . At stage 54, the small intestine consists of a monolayer of the larval epithelial cells surrounded by thin layers of the outer longitudinal and inner circular muscles with intervening CT. The expression of Hairy genes was low or undetectable at this stage ( Fig. 2A, 2E ), though Hairy1 mRNA was occasionally detected in the larval epithelial cells (Fig. 2A inset) . At the metamorphic climax (stages 61, 62), when the larval epithelial cells undergo apoptosis and AE/progenitor cells rapidly proliferate [46] , the expression of these genes became higher. Hairy1 mRNA was specifically expressed in the Ep (Fig. 2B, 2C, 2O ), whereas the expression of Hairy2b was exclusively detected in the CT (Fig.  2F, 2G, 2Q) . Thereafter, both genes were down-regulated by stage 66 (Fig. 2D, 2H ) when the adult epithelial cells are differentiated into the absorptive Ep and the Ep possesses a cell renewal system along the trough-crest axis of intestinal folds [47] , similar to that along the crypt-villus axis of adult mammalian intestine [48, 49] . These expression patterns were also reproduced by T3 treatment of premetamorphic tadpoles at stage 54. Their mRNAs became detectable after 3 days of 10 nM T3 treatment (Fig. 2K, 2M ) and were strongly expressed after 5 days (Fig. 2L, 2N, 2P, 2R) . These results agree well with those obtained by RT-PCR analysis shown in Figure 1 .
To study their localization more precisely, we compared the expression patterns of Hairy1 and Hairy2b with that of LGR5, an adult intestinal stem cell marker gene, by using serial sections. At stage 60, when the AE/progenitor cells first appear as small roundish islets between the larval Ep and the CT, Hairy1 expression was detected in these islets (Fig. 3A) . The same region in the serial section expressed LGR5 (Fig. 3D) . As the islets rapidly grew in size at stage 61, the ISH signals for Hairy1 became stronger and showed a specific localization in the islets (Fig. 3B) . These islets again expressed LGR5 at this stage (Fig. 3E) . Their co-expression was also observed in the intestine of premetamorphic tadpoles treated with 10 nM T3 for 3 days (Fig. 3C, 3F ). On the other hand, some, although not all, cells expressing Hairy2b in the CT were located adjacent to the islets expressing LGR5 (Fig. 3G-3J ). In addition, we analyzed by IHC the localization of DLL1, Jag1, and Hairy1 is expressed in the adult epithelial stem (AE)/progenitor cells (A, arrowhead) when they first appear as the small islets expressing LGR5 (D, arrow) at stage 60. These islets grew in size as metamorphosis proceeded and continued to co-express Hairy1 (B, arrowheads) and LGR5 (E, arrows). During T3-induced metamorphosis, Hairy1 (C, arrowhead) is also expressed in the AE/progenitor cells expressing LGR5 (F, arrow) after 3 days of T3 treatment. Some, although not all, cells expressing Hairy2b were in the connective tissue (CT) (G, arrowheads) underlying the AE/progenitor cells expressing LGR5 (I, arrows). Hairy2b is also expressed in the CT after 5 days of T3 treatment (H, arrowheads), again, with some underlying the AE/progenitor cells (J, arrows). Cross-sections of the intestine from tadpoles at stage 62 were double-immunostained with anti-CK19 to detect the islet of AE/progenitor cells (K-M, red) and anti-DLL1 (K, green), anti-Jag1 (L, green), or anti-Notch1 (M, green) followed by counterstaining with DAPI (K-M, blue). DLL1 (K, arrowheads) and Notch1 (M, arrowheads) are expressed in the islets (arrows). The cells expressing Jag1 are scattered in both the larval Ep and CT with some just beneath the islet, but not in the islets (L, arrowheads). The dashed-lines indicate the boundary of the Ep and the CT. Scale bars 5 20 lm. Abbreviations: AE, adult epithelial stem/progenitor cells, CT, connective tissue, Ep, epithelium. 3K-3M, arrows) [45] . DLL1 and Notch1 were predominantly detected in the islets (Fig. 3K, 3M, arrowheads) . On the other hand, Jag1-expressing cells were scattered in both the larval Ep and CT but not in the islets. Some CT-cells expressing Jag1 were located just beneath the islets (Fig. 3L, arrowheads) . These results indicate that Hairy1 is an AE/progenitor cell-specific gene and that Notch signaling is activated in both the Ep and CT during intestinal remodeling.
Notch Signaling is Required for the Up-Regulation of Hairy Genes and the Development of Adult Intestinal Stem Cells
To investigate the role of Notch signaling in TH-dependent intestinal remodeling, we used DBZ, a well-known g-secretase inhibitor (GSI) that blocks the proteolytic cleavage of Notch receptor, thereby inhibiting the expression of target genes of Notch signaling. When premetamorphic tadpoles at stage 54 were pre-treated with dimethyl sulfoxide (DMSO, control) or 5 lM DBZ for 3 days (Fig. 4A) , the expression levels of Hairy genes significantly decreased in the intestine of tadpoles treated with DBZ (Fig. 4B) , suggesting that Notch signaling is required for basal level expression of the Hairy genes in the premetamorphic intestine. When such pre-treated tadpoles were further treated with 10 nM T3 for 3 or 5 days in the presence of DMSO or 5 lM DBZ (Fig. 4A) , we observed that the gross morphology of the tadpoles was similar between control and DBZ-treated tadpoles after 5 days (Fig. 4C-4D' ) except for internal hemorrhage around the nose and along the digits of hindlimb in the DBZ-treated tadpoles (Fig. 4D,  4D', arrowheads) . ISH analysis showed that DBZ treatment strongly inhibited TH-induced up-regulation of Hairy1 and Hairy2b in the intestine (Fig. 4E-4H ). More importantly, LGR5-positive cells were reduced by the DBZ treatment (Fig. 4I, 4J ), suggesting that DBZ inhibited the formation and/or proliferation of adult intestinal stem cells. In contrast, T3-repression of IFABP, a differentiation marker of absorptive cells in the both larval and adult epithelia and a well-known T3-down-regulated gene [38] , was delayed when DBZ was present (Fig. 4K-4N ), suggesting that Notch pathway is also important for the T3-induced larval epithelial degeneration during metamorphosis.
To analyze Notch responsiveness of those genes quantitatively, we performed real-time RT-PCR. After 3 and 5 days of T3 administration, TH-induced up-or down-regulation of all of the genes examined were significantly inhibited by DBZ (Fig.  5) . Specifically, the up-regulation of Hairy genes (Fig. 5A , 5B) was markedly reduced by DBZ treatment (Hairy1: 25%-30% of control, Hairy2b: 15% of control), while LGR5 (Fig. 5C ) expression was modestly affected (60%-80% of control). The downregulation of IFABP (Fig. 5D) was also inhibited by DBZ treatment (160%-190% of control). These results suggest that the expression of Hairy genes is dependent on Notch signaling [50] and that Notch singling affects AE cell development.
Notch Signaling Affects the Differentiation of Adult Epithelial Cells During Intestinal Metamorphosis
We first sought to examine the effects of DBZ on adult Ep development in vivo by treating tadpoles with DBZ for longer time. All tadpoles treated with T3 in the presence of DBZ for longer than 5 days died, before the formation of adult Ep. Thus, we performed organ culture experiments by using the intestine isolated from tadpoles at stage 56/57 when T3 levels were still low. The intestinal fragments were pre-cultured with DMSO or 10 lM DBZ in the absence of T3 for 3 days as done for in vivo experiments above (see Fig. 4A ). Then, the intestinal fragments were cultured with 20 nM T3 in the presence of DMSO or 10 lM DBZ for 5 or 7 days. We observed upregulation of Hairy genes by T3 after 5 days and more importantly, the inhibition of the T3-induced up-regulation by DBZ treatment, indicating that both T3 regulation and DBZ inhibition was organ-autonomous ( Fig. 6A-6D) . To investigate the effects of Notch inhibition on cell proliferation, proliferative activity in the DBZ-treated intestine was compared with that in the control intestine by immunohistochemical analysis of PCNA, a marker for cell proliferation. The percentage of the epithelial cells positive for PCNA was significantly reduced by DBZ treatment (Fig. 6E, 6F ; control vs. DBZ 5 23.5% 6 0.5% vs. 18.2%61.2, p < .01), whereas that of the CT cells was not significantly different (control vs. DBZ 5 21.3%60.6 vs. 22.3%60.7, p 5 .31). After 7 days of T3 treatment, when the adult Ep completely replaces the larval one in vitro [42] , IFABP was expectedly detected in most of the epithelial cells of the intestine without DBZ treatment (Fig 6G, arrowheads) , indicating differentiation to the adult absorptive cells. However, IFABP expression was much weaker in the DBZ treated intestine (Fig. 6H) . To determine whether Notch inhibition led to the failure of adult stem cells to differentiate to any adult cell type due to diminished stem cell activity (Figs. 5C, 6F ), we performed PAS staining to detect mucus-secreting goblet cells. In the control intestine treated with T3, goblet cells, whose supranuclear region can be stained with PAS [30], were expectedly detected (Fig. 6I ), as were those in the intestine of the postmetamorphic froglets at stage 66 (Fig. 6K) . In contrast, in the Ep of DBZ and T3-treated intestines, numerous clusters of PAS-positive secretory cells were observed (Fig.  6J) . These results indicate that inhibiting Notch signaling prevented differentiation to the absorptive cells while promoting the differentiation to the secretory cells during X. laevis adult intestinal development.
DISCUSSION
In the present study, we have provided evidence for active Notch signaling during X. laevis intestinal remodeling by analyzing the expression of genes involved in Notch signaling pathway, including its target genes (Hairy1, Hairy2b), ligands (DLL1, DLL3, Jag1, Jag2) and receptor (Notch1). We have shown here that their expression levels peaked during metamorphic climax and that they were up-regulated in response to T3. In particular, Hairy1, but not the other genes analyzed, was significantly up-regulated even after 1 day of T3 treatment. However, Hairy1 may still be indirectly regulated by T3 as reported in the mouse intestine [51] , because its up-regulation by T3 was impaired by Notch inhibition. Hairy2b is also considered to be a TH-indirect response gene, since its expression was not up-regulated until 4 days after T3 treatment. Since similar expression profiles were obtained for the ligands and receptor, they may be also TH-indirect response genes. These results suggest that T3 directly activates the expression of certain factor(s) that is responsible for up-regulation of Hairy genes. One such candidate could be the Notch ligand Jag1, which has been shown to be directly regulated by T3 in the mouse intestine [51] , although Jag1 is unlikely a direct target of T3 in the X. laevis intestine (Fig. 1J) . Several signaling pathways may be involved in modulation of the expression levels of Hairy genes [52] . Currently, it still remains unknown which factors other than those involved in Notch signaling directly up-regulate Hairy genes during intestinal remodeling. In addition, the factors that directly control the expression of Notch ligands and receptor in the metamorphosing intestine need to be elucidated.
Inhibition of Notch signaling by DBZ dramatically suppressed TH-induced up-regulation of Hairy genes, confirming their Notch dependency [18] [19] [20] [21] 53] . Internal hemorrhage around the nose and along the digits of hindlimb in the DBZ-treated tadpoles may also be suggestive of Notch inhibition in those organs/tissues since it has been shown that loss of Notch1 causes vascular tumors and lethal hemorrhage in mouse [54] . In addition, DBZ treatment of premetamorphic tadpoles led to the repression of both Hairy1 and Hairy2b, suggesting that Notch signaling is already active during premetamorphosis. It is of interest to elucidate the role of this signaling pathway in the premetamorphic intestine in which the cell-renewal system has not yet been acquired. More importantly, TH-induced up-regulation of LGR5 and TH-induced down-regulation of IFABP were also inhibited by DBZ treatment. Furthermore, inhibition of Notch signaling resulted in decreased cell proliferation in the Ep during adult epithelial development. Similar results have also been reported for homeostasis of the adult mouse intestine, where the number of the Lgr5 1 intestinal stem cells and their proliferative activity decreased by Notch inhibition [55] . The effects of DBZ on the transcript levels of LGR5 were modest both in mouse [55] and X. laevis intestines (Fig. 5C ) as compared to the marked repression of Hairy genes. This could be due to the active Wnt signaling that also up-regulates LGR5 expression [32] . Indeed, we have previously shown that TH activates both canonical and noncanonical Wnt signaling pathways that are involved in intestinal remodeling [43, 44] . Our results indicate for the first time that Notch signaling plays pivotal roles in development of adult stem cells during vertebrate intestinal development.
In the adult mouse intestine, Notch inhibition has been shown to affect the cell fate determination in the Ep [23, 30] . Interestingly, during the formation of the adult intestine during X. laevis metamorphosis, DBZ treatment led to hyperplasia of the secretory cells and reduction of the absorptive cells, resembling those observed in the adult mouse intestine. These results suggest that the role of Notch signaling in cell fate determination first takes place during the initial formation of the adult intestine and that this effect is likely evolutionarily conserved. It would be interesting to examine the effect of Notch signaling during the maturation of the mouse intestine during postembryonic development, that is, the first 3 weeks after birth when T3 levels peak in mouse.
The ISH analysis of spatiotemporal expression of Hairy genes in the metamorphosing intestine revealed that Hairy1 is an AE/progenitor cell-specific gene, whereas Hairy2b is a CTspecific one, indicating that Notch signaling is activated in both tissues and regulates the expression of downstream genes in a cell/tissue-specific manner during intestinal remodeling. This is also supported by the expression patterns of Notch ligands and receptor. DLL1 and Notch1 were prominently expressed in the AE/progenitor cells, suggesting that DLL1-Notch1 pathway induces Hairy1 expression. It is also suggested that these cells in the islet express both DLL1 and Notch1 to signal each other at metamorphic climax, then become the signal-sending or signal-receiving cells via lateral inhibition to limit the number of stem cells at later stages as proposed in the mammalian intestine [31] . The cells expressing Jag1 were detected in both the larval Ep and CT, but not in the islet, suggesting that at least one of the roles of Jag1 is to induce Hairy2b expression in the CT. In addition, some Jag1-expressing cells were detected just beneath the islet, suggesting that Jag1 may be involved in the AE cell formation and/or proliferation. It is also interesting to study the role of Jag1 in the larval epithelial cells that are destined to undergo apoptosis [46] . It has been reported that Notch1 is weakly expressed in the villus mesenchyme in the mouse intestine at postnatal day 25 and that Notch3 and Notch4 are also expressed in this tissue [56] . Thus, it is possible that the antibody we used could not detect Notch1 expressed at low levels in the CT and/or other Notch receptors are predominantly expressed. It will be important to clarify which type of Notch receptor is expressed in the CT.
The expression pattern of Hairy1 coincides well with that of Hes1 (Hairy1 ortholog) in the adult mouse intestine, in which Hes1 is predominantly expressed in mid to lower crypt cells including the stem cells [56, 57] . More importantly, the lineage-tracing experiments have shown that Hes1 labels intestinal stem cells in the adult mouse [58] . Thus, Hairy1 expression in stem cells appears to be conserved in the vertebrate intestine. Interestingly, we also found that Hairy1 is expressed in a limited number of the larval epithelial cells in the intestine at the onset of metamorphosis (stage 54). Thus, it is tempting to speculate that these cells activate Hairy1 expression at such early stages when T3 levels are low and they in turn are destined to develop into the AE cells expressing high levels of Hairy1 at later stages.
Unlike Hairy1, there is little information available about expression patterns of Hes4 (Hairy2 ortholog) in the mammalian intestine. In other organs/tissues, several reports have shown that Hes4 is expressed in the stem/progenitor cells and is involved in their differentiation, migration, maintenance of undifferentiated state, and so on. [53, [59] [60] [61] [62] . Our study here revealed that some cells expressing Hairy2b were located just beneath the adult stem/progenitor cells in the metamorphosing intestine. Thus, it is possible that these cells are involved in the stem cell formation and/or proliferation by functioning and facilitating the formation of stem cell niche. Hairy2b may also have some other roles since not all cells www.StemCells.com V C 2016 The Authors STEM CELLS published by Wiley Periodicals, Inc. on behalf of AlphaMed Press expressing Hairy2b were located close to the Ep. However, it still remains unclear which type of cells in the CT expresses this gene, because the expression pattern of Hairy2b does not spatiotemporally coincides with that of any other CT-specific genes previously examined [34, 39, 40, 63, 64] . Clearly, it will be important to elucidate the mechanisms of differential regulation of these Hairy genes and more importantly, their functions during TH-dependent adult stem cell development and subsequent epithelial cell fate determination by making use of cell labeling with the Cre/lox system [65] , overexpression system [66, 67] and gene knockout technologies such as the CRISPR/Cas9 system [68] .
